The biomass and distribution of black clam (Villorita cyprinoides) in Vembanad, a tropical estuary located along the southwest coast of India varied significantly. Sampling was done in freshwater-dominated zone in the south (distal) and brackish water zone in the north (proximal), during pre and post monsoon seasons. Clam biomass was estimated from samples, collected from different stations during the study period. Water transparency and temperature were measured at the sample sites. Water samples were collected and analysed for salinity, dissolved oxygen (DO), pH and hardness. There was a significant difference in the clam biomass during the two seasons in the distal zone, and those collected from the distal and proximal zones during premonsoon season. The data were further analysed to determine the factors affecting the clam biomass distribution in the two zones and seasons. Factor analyses, comparing the distal zone during two seasons and zonal variations were similar to earlier observations. Step wise regression analyses found that dissolved oxygen (adjusted R 2 = 0.3) is the only variable affecting clam survival during pre-monsoon period in the distal and proximal zones. A geographic map of the region obtained from the Indian satellite sensor LISS (Linear Image Self Scanner) was used along with in situ data to map the results using inverse distance weightage model.
Introduction
Tropical estuaries are highly productive and critical to the maintenance of coastal fisheries [1] . The faunal composition of such estuaries varies at spatial and temporal scales in response to the localised natural and human disturbances of different magnitudes [2] [3] [4] . There are observed seasonal variations in clam biomass across a tropical estuary and dredging inside the estuary can affect the spatial distribution.
Villorita cyprinoides which is a major molluscan resource of Vembanad estuary contribute 97% of the molluscan catches from India [5] . Clams are important for their nutritional benefits, and valued for their taste [6] [7] . But our limited knowledge on the spatial and temporal distribution of this invertebrate fauna restricts a better insight into the factors influencing their changes in community structure [8] [9] [10] which is essential for the better management of such species.
The distribution of clams in the Vembanad estuary is patchy. But being sedentary organisms, their survival and growth are dictated by a combination of favourable hydrographical conditions. The observations on environmental variables and their relation on clam biomass distribution in this study would help the fishing community to identify easily the zones of high abundance of the clams, in various geographic areas across the estuary and during the two seasons studied in the estuary.
Methodology

Study Area
Vembanad estuary, situated in Kerala, is the largest tropical wetland ecosystem along the south-west coast of India. This tropical estuary, fed by ten rivers draining into the Arabian Sea, covers an area of 21,050 ha spread between latitudes 9.59˚N and 10.61˚N and longitudes 76.19˚E and 76.43˚E. The rich biodiversity of shell fish and other aquatic resources and their socio-economic importance, made Vembanad estuary a wetland of international importance, and is designated a "Ramsar site". A unique characteristic of the estuary is the Thaneermukkom salt water barrier which divides the water body into two zones-one with freshwater fed by the rivers on the southern side, and the other with brackish water fed both by rivers and Arabian Sea on the northern side ( Figure 1 ). Our study was conducted in these two zones in Vembanad estuary where the freshwater zone is termed as distal and the brackish zone as proximal.
The zonation is relative to the mouth of the lake. The sampling was done during Usually three seasons are identified in Kerala, namely pre-monsoon (FebruaryMay), monsoon (June -August and October -December) and post-monsoon (December -January) [11] .
Sample Collection
Ten sampling stations were identified in the distal zone of the lake, and sampled Similarly, ten sampling stations were identified in the proximal zone of the estuary, and sampled during pre-monsoon season to study the impact of dredging on the clam population in the estuary (Figure 3 ).
Sampling was not done during monsoon and post-monsoon season in the dredged area (proximal zone) as dredging was suspended at this time. The distal sampling stations were named D 1-10 and d [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] for the pre and post-monsoon sampling respectively, whereas the proximal stations were named P 1-10 for the pre- monsoon sampling. The clams were collected randomly from the sampling stations using a 1 m × 1 m transect during pre and post-monsoon seasons. Live clams found within the transect were counted in situ and weighed to the nearest gram and maximum width measured to the nearest millimetre in the laboratory.
A transect is a square-shaped construct built with iron pipes of half inch thickness. The physico-chemical variables such as temperature and transparency of the water samples were measured at the sampling site where as other environmental variables such as dissolved oxygen, hardness, pH and salinity were analysed using standard methods [12] in the laboratory. The geographic coordinates of each sampling site were also recorded ( Table 1 ).
Multivariate Statistics
The environmental variables were normalised using the equation
where x is the variable and n is the sample size, to transform all the variables in proportion to one another. Significant differences, in the hydrographic variables between the proximal and distal zones were investigated using student's t statistics. The dominant variable affecting the clam biomass in proximal and distal zones during pre and post-monsoon seasons was identified using factor analysis.
The factor analysis generated the principal components, eigen values, percentage of variance explained by each factor, cumulative percentage of the variance in data explained by inclusion of successive factors and bivariate plots allowing inferences on relations between all variables and their variation. Stepwise regression analysis was also carried out on the variables measured to confirm the critical ecological variable affecting clam distribution in various zones across the seasons.
Remote Sensing Datasets
The Vembanad estuary is covered in four topographic sheets produced by the 
Mapping Protocol
Protocol used for mapping the distribution of Villorita cyprinoides using environmental variables and satellite image was adopted from [13] (Figure 4 ). The satellite images retrieved was geo-referenced with the topographic sheets available from Survey of India. The satellite images were then subjected to mosaicking where in the images were combined to form a single image. The mosaicked image was then subjected to image-to-image rectification with the topographic sheet. The visually interpreted and rectified images were then digitised and consequently subjected to inverse distance weighted modelling in conformation with the statistical analyses of the variables. The maps thus obtained of 
Inverse Distance Weighted (IDW) Modelling
Inverse distance weightage modelling is a spatial interpretation technique of using points with known values to estimate values at other unknown points. This is a type of deterministic method for multivariate interpolation.
Results
The hydrographic variables of water at sampling stations in the distal fresh-water zone during pre and post monsoon seasons and that of the stations in the proximal brackish water zone during pre-monsoon season is summarised in Ta T-test on clam biomass sampled from the proximal and distal zones during the pre-monsoon season showed that there was a significant difference between the two zones. Similarly, T-test on the hydrographic variables sampled from the proximal and distal zones during the pre-monsoon season showed a significant difference between the zones (P < 0.05).
The measurements indicated that mean weight of the clam, Villorita cyprinoides, was more in the distal zone during pre-monsoon season compared with that in the proximal zone where dredging was carried out (Table 3 ).
The factor analysis for the pre and post-monsoon seasons in the distal zone of Vembanad estuary (Table 4) 
The mean dissolved oxygen observed in these stations during pre and post monsoon seasons in the distal zone were similar to earlier observations [15] [16] . The variations in this hydrographic variable may be due to the influence of primary production in the stations. The mean DO was higher in pre-monsoon season (Table 2 ) which may be linked to the increased primary production during this period due to the possible optimum light intensity and the effective utilisation of nutrients by phytoplankton that were brought into the estuary along with freshwater. The low DO during post-monsoon season was similar to earlier observations, which may be due to the low primary production in the lake on account of high stratification [15] . The mean salinity during pre-monsoon was more compared to that in the post monsoon season which is similar to the results reported earlier [15] . The salinity was graduating towards the proximal zone where the brackish water is dominant. The zero salinity as experienced in the distal zone of the lake during post-monsoon at station d 1 and d 3 is due to the freshwater influx from the tributary of the pampa river.
Since dredging was taking place on the distal side (northern side of the bund) and not in the proximal zone, there was a possibility that the variation in clam biomass and the associated hydrographic variables in the distal might be differ-ent from the proximal zone.
The factor analysis of variables during the pre-monsoon season in the distal and proximal zone of the estuary indicated that the first three factors explained 72.10% of the cumulative variations in the variables measured, with eigen values of 2.18, 1.32 and 1.15 respectively ( Table 5 ). The factor analysis of the environmental variables and clam biomass in the distal and proximal zone during pre-monsoon season identified that DO (0.98) had the highest loadings in the first factor. In the second factor, hardness with loadings of (−0.85) had negative correlation with clam biomass whereas transparency (0.68) had the highest positive loadings (Table 5 ). pH (0.99) had the highest loadings on the third factor.
The bivariate plot ( Figure 6 ) revealed that though DO was the only variable positively correlated to clam biomass, the highest loadings of transparency and pH on the second and third factor respectively and negative loadings of hardness 
Water transparency and temperature showed a negative correlation during pre-monsoon analysis. This may be due to the highly turbid water at the proximal zone, which is a dredging site and the high mean water temperature during the season. Similar results were observed previously by [17] . Since solubility of oxygen is inversely proportional to temperature, a negative relationship was observed between temperature and dissolved oxygen during pre-monsoon. Hardness showed a negative correlation with salinity and a positive correlation with transparency in the second factor consistent with [18] . The first factor clearly represented the positive correlation between dissolved oxygen and clam biomass as explained by [17] . The bivariate plots indicated that saline water and good DO are responsible for the survival of clams as observed earlier by [19] .
Discussion
Environmental variables such as temperature, pH, dissolved oxygen, transparency and hardness are important in deciding the distribution of an aquatic species [20] [21] . [15] identified salinity as the lone variable determining clam distribution in Vembanad estuary. But, the present study showed that other environmental variables such as dissolved oxygen, salinity and temperature are also responsible in determining clam distribution. The factor analysis indicated that dissolved oxygen, temperature and salinity were important in the distal zone during pre and post-monsoon periods whereas dissolved oxygen and salinity were the important during pre-monsoon period in the distal and proximal zones. These observations were mapped on a GIS platform using inverse distance model to interpret the results spatially.
The predominance of dissolved oxygen over salinity and temperature as represented in the bivariate plot ( Figure 5 and Figure 6 ) determined the spatial distribution of clam biomass during pre and post monsoon in distal zone. Dissolved oxygen showed greater affinity towards the tributary sink and bund region in spatial maps, probably because of increased turbulence at the sink point and water exchange at the bund opening during pre ( Figure 7 ) and post-monsoon ( Figure 8 ) seasons in the distal zone. The IDW model of salinity, in the distal zone during pre ( Figure 9 ) and post monsoon (Figure 10 ), showed lower salinity in the south (freshwater) and an increasing gradient towards the north to approximate marine conditions at the proximal end [18] . The marked decrease in salinity during post monsoon in the distal zone was very consistent with earlier observations [15] . Since there is no marked variation in temperature across the The spatial variation of the dissolved oxygen in the proximal zone during pre-monsoon season showed that dissolved oxygen in the proximal zone was low, on account of low transparency due to dredging as well as the suspension of dredged materials due to entrenchment. The dissolved oxygen was minimum near the dredger and it gradually increased away from the dredger as observed in Figure 13 . Figure 14 represents the spatial distribution of salinity in the proximal zone.
The IDW model for salinity ( Figure 14) showed a marked increase in salinity towards proximity where the estuary converges with the Arabian Sea, as reported earlier by [15] . The IDW model of DO in proximal zone ( Figure 13 ) indicated that DO of the water gradually increased away from the dredge site. The IDW model of clam distribution ( Figure 15 ) showed that the biomass was negligible near the dredging site and increased gradually away from the dredger conforming to the results obtained from bivariate plot ( Figure 6 ). This is mainly due to the mortality of clams subjected to smothering due to entrenchment at these sites along with low transparency and DO. Due to various water and wind movements, the entrenched sediments are carried towards the proximal zone of the lake causing sedimentation of the dredged materials, smothering the live clams and thereby reducing survival rate.
The IDW representation of clam distribution in various seasons and zones in- Most of the previous studies related to mapping of molluscan resources were used for identification of suitable sites for aquaculture, habitat mapping etc. But they failed in representing the seasonal dominant variables for predicting the biomass of clams and its fishery ( Table 6 ).
The study is first of its kind, which attempts to map the clam distribution based on the responses to environmental variables and dredging. The study Multiple Criteria Evaluation was used to generate a map of the optimum sites for oyster aquaculture [23] Building up a spatial database using those criteria which were considered to have any influence in integrating marine fish-cage culture within the tourism industry in Tenerife (Canary islands).
Three model Criteria (distance to beaches, nautical sports, and view shed), which were mapped to show the most suitable areas for cage culture development in coexistence with tourism [24] Identification of the most suitable sites for hanging culture of Japanese scallop using geographic information system (GIS)-based multi-criteria evaluation models A series of GIS models was developed to identify the most suitable areas for scallop culture using weighted linear combination [25] Identify the zones of high clam abundance and develop a model to explain the impact of environmental variables and dredging on clam biomass in an estuary
Developed GIS based IDW-model for the temporal clam biomass distribution in the Vembanad estuary and also during dredging identifying the dominant variable controlling the distribution in each season.
Present study is a combination of different strategies adopted by the earlier researchers with a better mapping protocol based on dominant variables. [26] identified the sites near to dredger and beyond the dredger to a few distances as unsuitable for growth and survival of black clam because the entrenched material gets settled after being carried by the underwater movements at few distances beyond the dredger. This shows that this area is unsuitable for clam growth and even for any clam culture activities in the near future. The area ahead of dredger (P 1 ) is depicted as safe from the impacts of dredging. The study also predicted the clam abundance sites in the pre-monsoon and post monsoon season in the distal zone, where in the colour gradient of green exhibited the abundance of clam.
Conclusions
Monitoring Such cost constraints lead to compromising over the intensity, distribution, frequency and longevity of a sampling programme. Truly long-term data sets with high spatial and temporal replication are therefore rarely available. The study requires as suggested a data frame over long term in addition to a detailed study on the distribution of the food of the species to comprehend on the exact distribution pattern of the bivalve.
